Objective-To assess whether the extent of LDL oxidation influences its cytotoxic effects, thus contributing to its atherogenic potential. Design and setting-The effects of native and modified LDL on cultured human coronary artery smooth muscle cells (SMC) and endothelial cells (ECs) were investigated. Main outcome measures-Four indices of cytotoxicity were studied: (i) chromium-51 release; (ii) 5-bromo-2'-deoxyuridine (BrDUrd) uptake; (iii) morphological appearance; and (iv) EC migration. Results-(i) Minimally modified (mm) LDL (400 ,uglml) causes significant 5'Cr release; the cytotoxic effect was significandy greater for copper oxidised (ox) LDL (400 ,ug/ml). Native LDL had no effect. (ii) BrDUrd uptake studies showed significant inhibition of cell proliferation by 100l ugIml of oxLDL and to a lesser extent by mmLDL; native LDL had no effect. (iii) Morphological appearance was not altered by native LDL. Changes in cell morphology were induced by mmLDL (400 ,ug/ml), and were more pronounced with oxLDL in concentrations of > 200 ,ug/ml. (iv) EC migration was significantly inhibited by oxLDL (100 4ugIml), but not by native or mmLDL. Conclusion-The extent of oxidation of LDL determined its cytotoxicity to coronary artery cells. Native LDL had no cytotoxic effect. In contrast, oxLDL and to a lesser extent mmLDL caused cytotoxicity at concentrations to which cells in vivo might be exposed. This may contribute to the atherogenicity of modified LDL by enhancing cellular injury and inflammation, and by inhibiting re-endothelialisation of areas of coronary artery damaged during the atherogenic process.
Modified low density lipoprotein (LDL) is implicated early in atherogenesis, accumulating in tissue macrophages to form foam cells, the hallmark of the fatty streak.' Foam cell formation may be considered a physiological rather than a pathological process, with macrophages removing the atherogenic modified LDL from the intimal extracellular space. It is only when macrophage foam cell death occurs that LDL is released into the intima, a necrotic core forms, and an atherosclerotic plaque develops from the reversible fatty streak. Free intimal modified LDL may cause endothelial cytotoxicity, contributing to the endothelial dysfunction which characterises early atheromatous disease.2 Furthermore, as the atherosclerotic plaque progresses, more modified LDL accumulates and intimal smooth muscle cells (SMCs) die, increasing the lipid to smooth muscle ratio and the vulnerability of the plaque to rupture.3 It is thus important to understand the mechanism of cell death that characterises the developing plaque. Two possibilities exist, namely, apoptosis and necrosis.4 This paper considers the latter mechanism and the possibility that it may be the result of modified LDL induced cytotoxicity. As atherosclerosis has a predilection for the coronary circulation, we investigated this phenomenon in cultured human coronary artery SMCs and endothelial cells (ECs).
The initial egress of LDL into the intima is likely to comprise native or only minimally modified (mm) LDL. In the microenvironment of the arterial intima, however, LDL is protected from circulating antioxidants and exposed to macrophages, ECs, and SMCs, all of which can further oxidise LDL.56 Three forms of LDL were therefore used in this study: native, mmLDL, and copper oxidised (ox) LDL. MmLDL and oxLDL represent extremes of spectrum of modified LDL; mmLDL has undergone only minor lipid peroxidation, whereas major lipid peroxidation and oxidation of the apolipoprotein B moiety characterise oxLDL. [7] [8] [9] Both mmLDL and oxLDL selectively induce monocyte chemotaxis, adhesion to, and transmigration across the arterial wall into the intima7'7 as well as macrophage proliferation within the atherosclerotic plaque." OxLDL also causes group Figure 6 illustrates results for ECs. Native LDL induced no morphological abnormalities, but 5 h of incubation with > 200,ug/ml of mmLDL and oxLDL caused morphological disruption. The effect was most pronounced for oxLDL: 200 ,ug/ml caused cells to retract and 400 p,g/ml resulted in many cells becoming detached. The morphology of coronary artery SMCs was assessed in the same manner as that for ECs. Only cells incubated with oxLDL at a concentration of 400 /ug/ml showed evidence of morphological change, beginning to retract after a 5 h incubation period.
MIGRATION ASSAY
As illustrated in fig 7, native and mmLDL had no effect on EC migration. Migration was significantly inhibited (P < 0-0001) in the presence of oxLDL (100 ug/ml). Lower concentrations of oxLDL had no effect on cell migration, and higher concentrations were frankly cytotoxic, causing widespread cell retraction and detachment.
Discussion
Modified LDL induced cytotoxicity in ECs and SMCs as assessed by the four methods studied, the degree of cytotoxicity being determined by the extent of LDL oxidation. Extensive copper ion oxidation of LDL lipid and protein moieties might be predicted to induce enhanced cytotoxicity. However, these studies have also demonstrated that even minimal modification of LDL resulted in a marked increase in cytotoxicity. Modified LDL produced biological effects at concentrations considerably lower than normal plasma LDL concentrations (600-700 ,ug LDL protein/ml) plasma)," suggesting that intimal cells may be exposed to biologically significant levels of modified LDL in vivo. These data suggest that LDL contributes to cell death and inflammation within the atherosclerotic plaque by necrosis, rather than by apoptosis. 4 "Cr release quantified severe cytotoxic effects; the other three methods used assessed the non-lethal cytotoxic effects of modified LDL. Although only semiquantitative, assessment of morphological change was a more sensitive method of detecting cytotoxicity than "Cr release. Morphologically, ECs were more susceptible to modified LDL induced cytotoxicity than SMCs. This may be a consequence of the fact that cultured SMCs produce more matrix and stronger intercellular connections than do ECs.
EC migration is important in maintaining an intact endothelium in the healthy artery, and so any impairment of this function may reflect mild, but physiologically important, cytotoxicity. OxLDL significantly inhibited EC migration; native and mmLDL had no effect. If oxLDL also inhibits EC migration in vivo, it may prevent the re-endothelialisation of areas of coronary artery denuded of endothelium during the atherogenic process.
Assessment of cell proliferation by BrDUrd incorporation proved the most sensitive method of quantifiying cytotoxicity; cellular DNA synthesis was inhibited by 100 ,ug/ml oxLDL and to a lesser extent by mmLDL, with no effect produced by native LDL. This contrasts with some other reports,'23' which suggest that native and oxidised LDL may enhance SMC growth. This discrepancy may be explained by methodological differences. Firstly, in contrast to the work described here, the cells were cholesterol deficient and so the effects of the addition of LDL may merely reflect the return of cholesterol required for growth. Secondly, the cells used were at higher passage (8) (9) (10) (11) (12) (13) (14) (15) (16) 
